The aim of this study was to estimate the genetic and environmental parameters and crossbreeding effects on fatty acid and fat traits in the Iberian pig. Our final goal is to explore target selection traits and define crossbreeding strategies. The phenotypes were obtained under intensive management from 470 animals in a diallelic experiment involving Retinto, Torbiscal, and Entrepelado lines. The data set was composed of backfat thickness at the fourth rib (BFT), intramuscular fat (IMF) in the longissimus thoracis (LT), and the fatty acid profile for IMF and subcutaneous fat (SCF) traits. Data were analyzed through a Bayesian bivariate animal model by using a reparameterization of Dickerson's model. The results obtained showed an important genetic determinism for all traits analyzed with heritability ranging from 0.09 to 0.67. The common environment litter effect also had an important effect on IMF (0.34) and its fatty acid composition (0.06-0.53) at slaughter. The additive genetic correlation between BFT and IMF (additive genetic correlation [r g ] = 0.31) suggested that it would be possible to improve lean growth independent of the IMF with an appropriate selection index. Furthermore, the high additive genetic correlation (r g = 0.68) found between MUFA tissues would seem to indicate that either the LT or SCF could be used as the reference tissue for MUFA selection. The relevance of the crossbreeding parameters varied according to the traits analyzed. Backfat thickness at the fourth rib and the fatty acid profile of the IMF showed relevant differences between crosses, mostly due to line additive genetic effects associated with the Retinto line. On the contrary, those for IMF crosses were probably mainly attributable to heterosis effects. Particularly, heterosis effects were relevant for the Retinto and Entrepelado crosses (approximately 16% of the trait), which could be valuable for a crossbreeding system involving these lines.
INTRODUCTION
The high capacity of the Iberian pig to accumulate fat is one of the main characteristics that defines the quality of both its meat and its cured products (López-Bote, 1998) . Its fat characteristics, such as its intramuscular fat and its fatty acid profile, are fundamental to obtaining products of high sensorial quality and without negative impact on human health. Genetics are one of the main factors that determine fat muscle deposition in Iberian pigs (Ruiz and López Bote, 2002) . In fact, there is a high de-gree of variability between different Iberian pig lines (Juárez et al., 2009) . The added value provided by high-quality meat products is a determinant factor in Iberian pig production. These products are traditionally obtained from Iberian pigs reared outdoors and fed on grass and acorns. However, due to increasing sales of this type of dry-cured product, most of the cured products currently commercialized are obtained from crosses between Iberian sows and Duroc boars raised on intensive commercial farms (López-Bote, 1998) .
Organized breeding programs for the Iberian pig are rare and have been recently introduced . Within line selective breeding is not systematically performed and potential advantages of crossbreeding, such as heterosis and line complementarity, have not been exploited either. The introduction of a maternal crossbreeding system, similar to that used for modern pig production in commercial populations (Visscher et al., 2000) , could significantly improve the efficiency of Iberian pig production. Diallelic crossing is widely used by animal breeders to identify potentially efficient crossbreeding schemes (Eisen et al., 1983; Wolf et al., 1991) . The aim of this study was to estimate genetic and environmental parameters and crossbreeding effects on fat deposition and fatty acid profile traits using data from a 3 × 3 diallelic cross experiment performed on 3 contemporary Iberian pig lines under intensive management conditions.
MATERIALS AND METHODS

Animals and Experimental Design
All the management and experimental procedures involving live animals were previously approved by the research ethics committee of the Institute for Food Research and Technology (IRTA) . The data sets used in this study were from a designed diallelic experiment involving 3 Iberian varieties (Torbiscal Table 1 ). Commonly, 3 main groups have been defined to classify the Iberian pig varieties: black, red, and spotted (Martínez et al., 2000) . The 3 varieties used in this study are recognized in Spain's official Iberian herdbook (Spanish Association of Iberian Purebred Pig Breeders [AECERIBER] ). The RR s the main variety because of its population density and wide distribution. It is representative of the phenotype red coat color. The genetic origin of the TT variety, which is the result of combining 4 ancient black and red varieties, has been previously described by Fernández et al. (2002) and Fabuel et al. (2004) . The EE is considered a black hairy strain, although it exhibits a red color at birth. It is an important variety of Iberian pigs whose origin is still a controversial issue (Alves et al., 2006) . Some authors have suggested than RR and EE shared ancestral origins, regardless of their phenotypical dissimilarities (Martínez et al., 2000; Alves et al., 2006) . For the sake of simplicity, the term "variety" will be replaced with "line" within this article.
The sows and boars of these 3 lines used in the experiment (TT, RR, and EE) were purchased from the nucleus pertaining to the Iberian herdbook (AECERIBER) and transferred to the INGA FOOD S.A. nucleus farms (Badajoz, Spain) after weaning at 30 to 35 d of age. Genealogical information of the animals was available. During the experiment, the animals were kept from birth to slaughter under intensive rearing conditions such as those used in commercial farms. However, cross-fostering was not performed from birth to weaning. They were fattened ad libitum on typical commercial Iberian pig diets (Table 2 ) and slaughtered at a commercial abattoir at 340 d (SD 14.34) and 160.03 kg of BW (SD 11.60) . The data set included individual measures of backfat thickness at the fourth rib (BFT) measured with a caliper, longissimus thoracis (LT) intramuscular fat (IMF), and the fatty acid profiles for IMF and subcutaneous fat (SCF). Meat analyses were performed on 200-g samples of the LT and on SCF samples taken from the area of tail insertion in the coxal region of the carcass. The muscle samples were chopped and homogenized using a horizontal cutter mixer. The total IMF and its fatty acid profile were quantified according to the method described by O'Fallon et al. (2007) . Analyses of the fatty acid composition of SCF were performed following the methods described by De Pedro et al. (1997) and Cava et al. (1997) . The pedigree for each animal was traced back 3 generations, resulting in a total of 896 individuals being included in the pedigree file. The number of data, their breed distribution, (14) RT (161) RE (19) RR (60) 1 Lines: TT = Torbiscal; EE = Entrepelado; RR = Retinto; RT=Retinto x Entrepelado; TR= Torbiscal × Retinto; RE= Retinto × Entrepelado, ET= Entrepelado × Retinto, TE=Torbiscal × Entrepelado; ET= Entrepelado ×Torbiscal.
and summary statistics for all the traits studied are presented in Tables 1 and 3 .
Statistical Analysis
Bivariate Bayesian animal models were fitted to analyze BFT and IMF and the percentages of each homologous fatty acid in IMF and SCF:
in which subscript i (i = 1, 2) denotes the vectors or matrices for appropriate traits (e.g., i = 1 for BFT, i = 2 for IMF). The extended model for each of the 2 traits is , , , , , , in which y i is the vector of the observations for trait i (i = 1, 2); b i is the vector of systematic effects corresponding to sex (castrated male or female), batch (14 levels), the covariate live weight at slaughter, and the covariates: line additive genetic effect, maternal (line) effect, and the heterosis effects of the crosses according to the Dickerson's model (Dickerson, 1969 ; e.g., for a TE cross: 0.5 for the line additive effect of TT, 0.5 for the line additive genetic of EE, 1 for the maternal effect of EE, and 1 for the specific heterosis effect of TE); a i is the vector of the additive genetic effects for trait i (896 levels); c i is the vector of the common environmental effects (156 levels); X i Z i , and W i are the incidence matrices for each trait; and R e is the variance or covariance residual matrix with an order of n × n (n = total number of records). The genetic group effect (CRj; j = EE, RR, TT, TR, RT, ER, RE, ET, and ET) was computed for each iteration as the sum of the corresponding line additive genetic and maternal effects and the heterosis effects. Note that the solution for the EE genetic group CREE, effect of EE (CR EE ) was set equal to 0; consequently, the interpretation of theCR parameter is the difference between the genetic group effect EE and the other genetic group effects (RR, TT, TR, RT, ER, RE, ET, and ET).
As previously mentioned, a Bayesian inference was used to analyze all the bivariate models. The distribution of the data were assumed to be multivariate normal and improper priors were assumed for the systematic effects, whereas genetic, common litter, and residual effects were assumed to be distributed as N(0, G), N(0, C), and N(0, R), respectively, in which G, C, and R are the additive, common environment, and residual covariance matrices for each bivariate model. in which A is the additive genetic relationship matrix; I is the identity matrix; ⊗ is the Kronecker product; σ 2 a, σ 2 c , and σ 2 e are the additive genetic, common environment, and residual variances, respectively; and subscripts 1 and 2 correspond to the appropriate traits. The prior distribution of the dispersion parameters was assumed improper. A Bayesian inference was used to analyze the data via Markov chain Monte Carlo methods. The fully conditional distributions of the models used for systematic (b), common environment (c), and additive effects (a) showed multivariate normal distributions. The fully conditional distributions for the residual, common environment and additive genetic variances of the bivariate models were inverted Wishart distributions. Marginal posterior distributions of all the unknowns were estimated using the Gibbs sampling algorithm (e.g., Geman and Geman, 1984) . After exploratory analyses, we used a single chain with a total of 200,000 samples for each analysis, after a burn-in period of 20,000. Convergence was separately tested for all the different dispersion parameters, using the Raftery and Lewis (1992) algorithm and the Z criterion of Geweke (1992) . The effective sample size was evaluated using the Geyer (1992) method and Monte Carlo sampling errors were computed using the time-series procedures described by Geyer (1992) .
Following Blasco (2005) and Hernández et al. (2005) , the following summary statistics were obtained from each marginal posterior distribution; they included the posterior mean, the posterior SD, the posterior probability of the parameter estimate being greater or lower than 0 (P), and the probability of relevance (P R ; the posterior probability of the parameter estimate being greater than a relevant value). The probability of relevance is a useful tool because it indicates if the estimates based on the parameters are not only significant in the classical sense but also relevant. However, the relevance value is arbitrary and has to be determined for each case based on its economic and biological importance. In this study, we determined the relevance level as being one-third of the observed phenotypic SD of each trait (see Table 3 ).
RESULTS AND DISCUSSION
Basic descriptive statistics for BFT, IMF, and fatty acid profile of IMF and SCF are reported in Table 3 . The mean and SD of these traits were within the ranges published for Iberian pigs kept in confinement and fed on a concentrate diet (Carrapiso et al., 2003) . As is characteristic in Iberian pigs, the mean values showed greater BFT, IMF, and MUFA percentages (particularly in oleic acid C18:1 n-9) in the LT and SCF than have generally been reported for white pigs (Wood et al., 2008) . In agreement with most of the other published reports, there were higher proportions of PUFA in pig adipose tissue (SCF) than in muscle (LT; Teye et al., 2006) .
Genetic and Common Environment Parameters
To our knowledge, no heritability previously has been reported for BFT in Iberian pigs at commercial 1 IMF = intramuscular fat; LT = longissimus thoracis.
2 SCF = subcutaneous fat.
3 SFA = saturated fatty acids. Total SFA includes C10:0, C12:0, C14:0, C15:0, C16:0, C18:0, and C20:0.
4 Total MUFA includes C15:1, C16:1 n-9, C16:1 n-7, C17:1, C18:1 n-9, and C20:1.
5 Total PUFA includes C18:2 n-6, C18:3 n-3, C20:4 n-6, 20:3 n-9, C20:5 n-3, C22:5 n-3, and C22:6 n-3.
slaughter weight (approximately 160 kg). In this study, the posterior mean of heritability for BFT was 0.21 with a posterior probability of being greater than 0.10 of 0.63. This mean value was lower than for other published mean estimates of BFT in Iberian pigs registered at 40 kg (0.30; Benito et al., 1998) , for BFT in white pigs registered at 100 kg (Noguera et al., 2002; Johnson and Nugent, 2003; 0.46 and 0.32, respectively) , and for BFT in white heavy pigs registered at 169 kg (Rostellato et al., 2015) . This could be explained by the fact that the phenotypic CV of the amount of backfat registered in our Iberian pig data set (approximately 14%) was lower than in the Rostellato et al. (2015) study (approximately 20%) , in which pigs were slaughtered at a weight similar to that in our study. The posterior mean of heritability for the percent of IMF in the LT was 0.26 with a posterior probability of being greater than 0.10 of 0.86. This mean value was in line with the mean heritability (0.25) reported for Iberian pigs by Fernández et al. (2003) . This value was lower than the values previously reported for heavy Duroc pigs (Suzuki et al., 2005; RosFreixedes et al., 2014) and for Landrace and for lean Large White pigs (Knapp et al., 1997; Hermesch et al., 2000) . However, this estimate is in the rank of estimates (from 0.26 to 0.86) reported by Sellier (1998) from 19 different studies in "white" pigs. Previous estimates of this parameter obtained from larger databases of Iberian pigs fattened in different free-range systems vary from 0.25 to 0.69 (Fernández et al., 2003 (Fernández et al., , 2007 García-Casco et al., 2014) . The posterior mean of the genetic additive correlation between BFT and IMF was moderately positive (0.31) with a probability of being greater than 0 of 0.72. This mean value was within the range of the estimates reported for Duroc pigs (Suzuki et al., 2005; Ros-Freixedes et al., 2014) . This would seem to indicate that part of the BFT and IMF genetic control is independent. This could have important economic consequences because fat deposition requires more energy per gram than deposition of lean tissue (Wood, 1984) and appropriate genetic selection could reduce BFT while maintaining, or even increasing, the IMF. Estimates of the heritability and additive genetic correlations for the fatty acid composition in IMF and SCF are presented in Table 4 . In agreement with previous reports on Iberian pigs (Fernández et al., 2003) or white pigs (Suzuki et al., 2006; Ramayo-Caldas et al., 2012; Ros-Freixedes et al., 2014) , the estimated heritabilities for fatty acids were moderate to high (from 0.28 to 0.67), except for PUFA in the SCF (0.19) and of some fatty acids, which exhibited small percentages and a higher degree of variability (e.g., C15:0; see Table 3 ), in which heritability was small (0.09). The estimated genetic correlations between measures in the LT and SCF tissues were positive for saturated fatty acids (SFA) and MUFA (0.58 and 0.68, respectively) and within the range of estimates previously reported for Duroc pigs (Suzuki et al., 2006; Ros-Freixedes et al., 2014) . However, the genetic correlations between measures of PUFA in the LT and SCF was negative (-0.41), with a probability of almost 0.80. These results suggest that SFA, and especially PUFA in IMF and SCF, could be differentially gene regulated. This interpretation would be supported by the tissue-specific QTL in IMF and SCF found by Muñoz et al. (2013) . On the other hand, the high estimated genetic correlations between MUFA in IMF and Table 4 . Mean and probability of being greater than 0.10 and 0 (between brackets) of the estimated marginal posterior distribution for the heritability (h 2 ) and for the additive genetic correlation (r g ), respectively, between the homologous traits of intramuscular fat (IMF) of the longissimus thoracis (LT) and subcutaneous fat (SCF) in SCF indicated a similar genetic regulation for MUFA across tissues. This was particular noticeable for palmitoleic acid (C16:1; 0.84) and oleic acid (C18:1 n-9; 0.75), which is the most representative fatty acid for determining the quality of Iberian ham meat (López-Bote, 1998) . This seems to point to the C16:1 and C18:1 measured in SCF being potentially good selection criteria for C16:1 and C18:1 in loin muscle.
Estimates of contributions of common environmental effects (c 2 ) and of common environmental correlations (rc) for the fatty acid composition in IMF and in SCF are presented in Table 5 . The posterior mean of the common environmental effect (c 2 ) for BFT was low (0.04) and within the range of estimates previously reported by other authors in white pigs (Suzuki et al., 2005) . In contrast, the posterior mean of the c 2 for the IMF of the LT was 0.34, with a posterior probability of being greater than 0.10 of 1. Previous results in Iberian pigs (Fernández et al., 2008) showed a low posterior mean of the c 2 (0.015), with a narrow 95% posterior interval of 0.001 to 0.035. In white pigs, other studies have revealed important common environmental effects for IMF (Knapp et al., 1997; Suzuki et al., 2005) . Nevertheless, their estimates (0.14 for Large White, 0.16 for Pietrain, and 0.10 for Duroc) were significantly lower than the one obtained in our study. This could be due to the fact that in this experiment, the piglets were not cross-fostered and genetic and environmental maternal effects were confounded. To our knowledge, no estimate of common environmental estimate effects has been previously reported for the fatty acid profile. In this study, differences in estimates of common environmental effects between percentage of fatty acids in IMF and those in SCF were large (i.e., see Table 5 ; oleic acid). The fatty acids composition in IMF exhibited relevant common environmental effects, whereas for those in SCF, such effects were less important. These results revealed that the common environmental effects (i.e., genetic and environment maternal) could have an important influence on fat deposition in muscle and on the fatty acid profile at slaughter in Iberian pigs. However, further studies with a proper cross-fostering design would be needed to disentangle the genetic and environmental maternal effects affecting these traits.
Crossbreeding Effects
Estimates of crossbreeding effects were obtained in the analysis of data from a 3 × 3 diallelic cross experiment using a reparameterization of the Dickerson's model (Dickerson, 1969) . Such estimates might help to identify relevant nonadditive effects influencing the genetic determinism of the investigated traits and to evaluate whether or not the use of crossbreeds is an efficient way to exploit the breed resources of contemporary Iberian pig lines. This is particularly relevant as systematic crossbreeding is not a standard procedure in Iberian pig breeding schemes. Nevertheless, genotype × environment interactions previously have been found between Iberian pig systems (García-Casco et al., 2014) . Therefore, a straightforward application of Table 5 . Mean and probability of being greater than 0.10 and 0 (between brackets of the estimated marginal posterior distribution for the common environmental effects (c 2 = σ 2 c /σ 2 p , in which σ 2 c is the common environment variance and σ 2 p is the total phenotypic variance) and for the common environment correlation (r c ), respectively, between the homologous traits of intramuscular fat (IMF) of the longissimus thoracis (LT) and subcutaneous fat (SCF) these results in the free-ranges systems must be taken with caution. Tables 6 and 7 show the effects of crossbreeding on IMF, BFT, and the main fatty acid profiles of IMF and SCF in the 3 Iberian lines (RR, TT, and EE) analyzed in the present study. Relevant differences were found between crossbreed groups for IMF. The RT (-1.66; P < 0.05) and RE (1.49; P < 0.05) crosses exhibited differences that had at least a 90% probability of being greater than 0. These results were mainly attributable to an important heterosis effect that was estimated for RR and TT crosses (P > 0.9) and for the EE and RR crosses (1.36); this represented 16% of the IMF trait. Similarly, for BFT, the RT (0.61) and RE (0.70) crosses also exhibited differences with respect to the EE line, with at least a 90% probability of these being greater than 0. However, in this case, the differences were mainly caused by by the differences between line additive genetic effects of RR and TT (0.52; P > 0.9) and EE (0.98; PR > 0.75) and the differences between maternal effects of line RR and TT (−0.48; P > 0.9) as opposed to heterosis effects (see Table  7 ). Therefore, differences in IMF and BT between crossbreed groups resulted from different crossbreeding effects. For BFT, differences likely were attributable to an increased frequency in the RR line of favorable alleles for backfat deposition, whereas for IMF, heterosis played a major role in causing differences between crossbreed groups. This would suggest differences in the allelic frequencies of the genes involved in IMF for the 3 Iberian strains studied. To date, there are hardly any results cited in the literature regarding differences in IMF and BFT between Iberian pig lines and their crosses. Fernández et al. (2003) , who used an animal model, showed differences in IMF, measured at 160 kg, between red (i.e., RR line) and black hair (i.e., EE line) Iberian pigs that are in line with our results.
The fatty acid profile for IMF showed relevant differences between genetic groups. The RR line exhibited the greatest difference with respect to the EE line for MUFA (1.89; PR > 0.75) and particularly for oleic acid (C18:1 n-9). Furthermore, this line also showed the highest negative difference for SFA (-2.15; PR > 0.75) and particularly for palmitic (C16:0) and stearic (C18:0) fatty Table 6 . Mean MUFA:SFA = ratio of MUFA to saturated fatty acids.
6
PUFA:SFA = ratio of PUFA to saturated fatty acids. *Probability of the posterior value being greater than 0 >90% (P > 0.90). **Probability of relevance > 75%: probability of the posterior value being greater than one-third of the SD of the trait > 75% (PR > 0.75).
acids. These findings were consistent with those for SFA in the LT reported by Juárez et al. (2009) and can be explained by differences between line additive genetic effects for RR and EE. The superiority of the RR line for meat quality is attributable to relevant L R-E effects, which were negative for SFA and positive for MUFA in the LT and particularly for oleic acid (1.89; PR > 0.75); this indicated the superiority of the RR line in terms of its meat quality (i.e., MUFA percentage) in the LT. Regarding the differences between maternal effects, only the palmitoleic fatty acid (C16:1) showed relevant differences between the RR and EE (0.47: PR > 0.75) and between the RR and TT lines (0.37; PR > 0.75). Specific heterosis effects were negligible for fatty acids in IMF. In agreement with results previously reported by Fernández et al. (2003) , the profile of fatty acids in SCF of crossbreeds did not exhibit any significant difference in comparison with that of purebreeds. Only TR crossbreeds showed a relevant difference for MUFA (1.42; PR > 0.75). The higher MUFA for TR was due to the heterosis effect for the RR and TT crosses (H TR = 0.63; P < 0.05) and the superiority of RR's maternal effect with respect to that of TT (M R-T = 0.69; P > 0.9). In contrast, for IMF, the M R-T was important for most of the fatty acids in SCF, particularly for palmitic (C16:0; M R-T = -0.40; P < 0.01) and stearic fatty acids (C18:0; M R-T = -0.66; P < 0.01 
Conclusions
This study confirms that fat deposition and the fatty acid profile of the LT and SCF in Iberian pigs are traits of moderate or high heritability, indicating that selective breeding can be profitably used for the enhancement of such characteristics. The genetic corre- Table 7 MUFA:SFA = ratio of MUFA to saturated fatty acids.
6
PUFA:SFA = ratio of PUFA to saturated fatty acids. *Probability of the posterior value being greater than 0 >90% (P > 0.90). **Probability of relevance > 75%: probability of the posterior value being greater than one-third of the SD of the trait >75% (PR > 0.75).
lations between IMF and BFT were moderate and provide the opportunity of decreasing BFT and increasing feed efficiency with no decrease in IMF. This would have important economic consequences for Iberian pig production. On the other hand, the high and positive genetic correlations between measures of MUFA in different tissues indicate that both the LT and SCF could be used as reference tissues in MUFA selection. The results obtained also shown important common environment effects on the IMF and on the fatty acid profile at slaughter, whereas this effect tends to be almost negligible for BFT and for the fatty acid profile of SCF.
The relevance of the crossbreeding parameters varied according to the traits analyzed. Backfat thickness at the fourth rib and the fatty acid profile of IMF exhibited the most differences due to line additive genetic effects. On the contrary, the IMF content showed important heterosis effects, which could suggest the presence of nonadditive effects. Nevertheless, further studies are needed to support these findings. These results also revealed differences in performance of the crossbreeding effects for the fatty acid composition in the LT and SCF, which could suggest differences in the genetic regulation of these tissues. Additionally, the results obtained from this study could help to establish a suitable crossbreeding system for Iberian pig breeding schemes. The RE cross showed a clear superiority for IMF, suggesting that relevant advantages could be obtained from crossbreeding. These results strengthen the argument for using crossbreeding programs in Iberian pig production and, in this particular case, the implementation of a crossbreeding system based on the RE genetic group.
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